INTRODUCTION
The type VI secretion system (T6SS) is a recently discovered (Bladergroen et al., 2003; Pukatzki et al., 2006; Silverman et al., 2012) and characterized (Basler et al., 2012 Ho et al., 2013; Kube et al., 2014) member of secretion systems of Gram-negative bacteria (Tseng et al., 2009 ). T6SSs are critical to the virulence of many important human pathogens, including Vibrio cholerae, Salmonella enterica, Escherichia coli, Burkholderia pseudomallei, and Pseudomonas aeruginosa. It delivers its protein effector into its prey cell by a contractile ejection apparatus similar to T4-like bacteriophage tails (Aksyuk et al., 2009 ), R-type pyocins (Nakayama et al., 2000) , and many other contractile nanomachines (Leiman and Shneider, 2012) , although T6SSs are several times longer than the other apparatuses (Ho et al., 2014) . The T6SS is composed of a sheath and a tube anchored to the bacterial envelope by a baseplate (Ho et al., 2014 ) ( Figure 1A ). Instead of a single sheath protein in phage tails and pyocins, the T6SS sheath is composed of two proteins, VipA/VipB in Vibrio, which are orthologs of IglA/IglB of F. tularensis (Brö ms et al., 2009; de Bruin et al., 2007) . The contraction of the sheath drives the tube across its target membrane (Ho et al., 2014; Hood et al., 2010) ( Figure 1B ). However, the atomic structure of the T6SS and molecular interactions required for secretion are not known. Although the structure of Vibrio VipA/VipB outer sheath has recently been shown at 6 Å resolution (Kube et al., 2014) , that structure is insufficient to guide drug design and mutagenesis studies.
Francisella tularensis subsp. tularensis is a Gram-negative bacterium that causes a zoonotic infection, tularemia, in animals and humans (Ellis et al., 2002) . By the airborne route, a few organisms can cause lethal pneumonia in humans; hence, F. tularensis is a potential agent of bioterrorism and classified as a Tier 1 Select Agent. F. tularensis and the highly related F. tularensis subsp. novicida are facultative intracellular pathogens that replicate within macrophages. After uptake by macrophages via looping phagocytosis (Clemens et al., 2005 (Clemens et al., , 2012 , the bacteria initially reside within a fibrillarcoated membrane-bound phagosome that resists fusion with lysosomes and exhibits limited acquisition of lysosomal markers; however, the bacteria subsequently disrupt their phagosomal membrane and replicate extensively in the host cell cytosol (Chong and Celli, 2010; Clemens and Horwitz, 2007; Clemens et al., 2004) . F. novicida has considerable homology with F. tularensis, but it has only a single copy of the Francisella Pathogenicity Island (FPI), and it is of low virulence for humans; it thus serves as a more practicable subspecies for study.
Here, we show that the FPI of F. novicida encodes a T6SS, and, by cryo electron microscopy (cryoEM) , that the two proteins of its sheath, IglA and IglB, are interdigitated into a single fold similar to that of the phage sheath. CryoEM reconstruction at 3.7 Å reveals that b sheet augmentation interlaces the two-dimensional array of the sheath, and structure-based mutagenesis demonstrates that this interlacing is essential to secretion.
RESULTS

Environmental Stimuli Trigger Assembly of F. novicida T6SS and Secretion of Effector Proteins
To facilitate structural and functional studies of the FPI-encoded T6SS-like apparatus, we engineered F. novicida to express IglA-GFP fusion protein in lieu of IglA from its chromosome (Fn-IglA-GFP). These bacteria show only a weak diffuse fluorescence when grown in standard liquid culture medium. However, within 15 min of uptake by macrophages, 10% of the bacteria exhibit intensely fluorescent foci (Figures 1C and 1E) , and this percentage increases to 70% by 1 day after uptake, by which time the bacteria have proliferated extensively in the macrophage cytosol ( Figures 1D-1F ). We used a split-GFP system (Cabantous and Waldo, 2006) , with domains 1-10 of GFP fused to the C terminus of IglA and domain 11 of GFP fused to the N terminus of IglB (IglA-GFP1-10 and IglB-GFP11) to test the interaction of IglA and IglB in formation of fluorescent foci. These bacteria are not fluorescent when grown in broth culture but exhibit intense GFP fluorescent foci after uptake and replication within macrophages ( Figures 1G and 1H ). In contrast, F. novicida expressing IglA-GFP1-10/SodB-GFP11 ( Figure 1I ) and F. novicida expressing IglA-GFP1-10 without a GFP11 partner ( Figure 1J ) do not form green fluorescent structures, despite their capacity to replicate extensively within macrophages ( Figure 1K ). Western blotting confirmed expression pattern of IglA/B-split GFP constructs ( Figure 1L ).
Because FPI mutants are unable to permeabilize their vacuoles, formation of the IglA/IglB containing T6SS and secretion of its effectors is believed to precede and to be required for phagosome disruption and cytosolic escape by Francisella. The extremely high expression at late stages of infection suggests that the FPI-encoded T6SS is required for events after phagosome permeabilization. Consistent with this, (1) most FPI genes are induced during intramacrophage growth and show high levels of expression at late time points after bacterial uptake (Golovliov et al., 1997; Wehrly et al., 2009) , when most bacteria are cytosolic, and (2) we have observed that IglC is required for intracellular growth of F. novicida that are micro-injected directly into the cytosol of HeLa cells.
In addition to intracellular growth in macrophages, two other conditions induce formation of fluorescent structures within Fn-IglA-GFP or Fn-IglA/B-split GFP: (1) placement beneath coverslips (either sealed by silicone or not) at room temperature for more than 3 hr (Figures 2A-2E ) and (2) growth in broth containing 5% KCl (but not 5% NaCl) ( Figures 2F-2J ). The fluorescent foci do not form in Fn-IglA-GFP with a deletion of iglB in response to any of the above three conditions ( Figure S1 ), suggesting that IglB subunits are required for assembly of the T6SS-like structure. The stimulus for assembly of fluorescent foci provided by placement beneath coverslips is unclear but could include physical stimulation, modulation of oxygen tension, or other environmental conditions. The fluorescent foci form with similar kinetics by bacteria sandwiched between a polystyrene surface and glass coverslip or between two glass surfaces but form more slowly when the glass slide is replaced with a 25 mm gas-permeable Lumox (Starstedt) film base, consistent with a role for oxygen tension.
Whereas by fluorescence microscopy Basler et al. (2012) demonstrated highly dynamic assembly and disassembly of VipA-GFP-labeled structures of live Vibrio, we have not observed similar rapid disassembly of the IglA-GFP or IglA/B-split GFP fluorescent structures in individual live bacteria. The slower turnover of the F. novicida T6SS may reflect the absence of an identifiable protein in the F. tularensis genome to disassemble the T6SS. Although the F. novicida genome lacks a protein with homology to ClpV, we cannot rule out the possibility of a protein with no such sequence homology that fulfills this role. However, F. novicida IglB, a VipB homolog, lacks the latter's identified ClpV-interacting motif (Pietrosiuk et al., 2011) : an a-helical region at the N terminus of VipB (including a consensus sequence LLDEIM, residues 19-24 of VipB). Indeed, Protein-Protein BLAST analysis indicates that the N-terminal 56 amino acids of VipB have no sequence homology with any region of IglB, and the N terminus of F. novicida IglB has no similar a-helical region or consensus sequence. The GFP tags on IglA and IglB are not likely to hamper their interaction with any disassembling chaperone because (1) we observe the same slow turnover for both F. novicida expressing IglA-GFP (GFP fused to the C terminus of IglA) and F. novicida expressing the split GFP construct (IglA with GFP domains 1-10 fused to its C terminus and IglB with GFP domain 11 fused to its N terminus), and (2) for V. cholerae, rapid turnover was observed even for VipA-GFP (C-terminal fusion), indicating that the corresponding VipA-GFP fusion in V. cholerae does not prevent rapid ClpV-mediated disassembly. If F. novicida has a functional homolog of ClpV, then its interactions with the T6SS sheath are likely to differ markedly from those in V. cholerae.
Secretion of VgrG by F. novicida has been reported previously (Barker et al., 2009 ). We prepared FLAG-tagged VgrG and grew the bacteria in the presence or absence of KCl. FLAG-VgrG and IglC are both detected in the culture supernatant in the presence, but not in the absence, of KCl ( Figure 2K ). Deletion of iglA abolishes the release of VgrG and IglC into the culture medium ( Figure 2K ).
IglA/IglB Heterodimers Assemble to Form Francisella
T6SS Sheaths
We purified assemblies containing IglA-GFP or IglA from lysates of bacteria grown in trypticase soy broth supplemented with 0.2% L-cysteine (TSBC) in the presence of KCl. Both proteins sedimented in equilibrium to below 55% sucrose on sucrose gradients. Negatively stained TEM images of the fraction containing IglA-GFP or IglA showed rod-shaped particles of variable length, similar to Vibrio cholerae T6SS sheaths with or without GFP tag (Basler et al., 2012) (Figures 2L-2M ). Rod-shaped sheath particles containing IglA-GFP, but not IglA, are recognized by immunogold labeling for GFP ( Figure S2) .
We recorded cryoEM image stacks (movies) (Campbell et al., 2012) with a Gatan K2 direct electron detector (McMullan et al., 2009 ) operated at counting mode (Li et al., 2013 ) ( Figure 3A) ; obtained a three-dimensional structure to 3.7 Å by an integrative approach that implements iterative helical real space reconstruction (IHRSR) (Egelman, 2010) within the Relion (Scheres, 2012) framework ( Figure 3B) ; and built an atomic model of the T6SS apparatus ( Figure 3C ) (see also Experimental Procedures). Like contractile phage tails (Leiman and Shneider, 2012) , the sheath is organized in a cylindrical, helical form with an axial 6-fold rotational symmetry (Figure 3 and Movie S1). The sheath is constructed with discs of six heterodimers of IglA/IglB proteins ( Figure 3D and Movie S2). The validity of the map and the model is demonstrated by the deep grooves in a helices, well-separated b strands, and match of side chains in the sequence and in the density map ( Figures 3E and 3F) .
The asymmetric unit of the helical sheath contains one copy each of IglA and IglB. The folds of the IglA/IglB proteins can be thought of as a ''split'' of the single protein of a bacteriophage sheath with many insertions ( Figures 4A-4D and Movie S3). 22 hr after infection (H), most of the bacteria exhibit green fluorescent structures. In contrast, F. novicida expressing IglA-GFP1-10/SodB-GFP11 (I) and F. novicida expressing IglA-GFP1-10 without a GFP11 partner (J) do not form green fluorescent structures, despite their capacity to replicate extensively within the macrophages. Panels on the left show F. novicida stained with a red fluorescent antibody (in black and white), the middle panels show GFP green fluorescence (in black and white), and the panels on the right show merged color images with DAPI-stained host and bacterial DNA in blue. Arrows in (G) indicate bacteria with intense GFP fluorescent structures at 15 min post-infection, one of which is shown at higher magnification in the inset. Scale bars, 10 mm (inset, 1 mm). Joining together, these two proteins form an a-b-a sandwich. The central b sheet of this sandwich is formed by interdigitation of strands from both IglA and IglB ( Figure 4E ). The sheath fold splits between its first and second a helices, and each of the two ends of the split is appended with an insertion (box in Figure 4D ). Parts of these two insertions are disordered (C-terminal amino acids 136-184 of IglA and N-terminal amino acids 2-78 of IglB [question marks in Figure 4D] ). The domain near the C terminus of IgIB (cyan in Figures 4C and 4D ) highly resembles the C-terminal domain of the phage sheath proteins (Aksyuk et al., 2009 (Aksyuk et al., , 2011 .
F. novicida T6SS and Bacteriophage T4 Outer Sheaths Show Divergent Quaternary Organization Despite Secondary and Tertiary Structural Homology
The secondary structure and tertiary structural arrangement of the F. novicida T6SS sheath are similar, but not identical, to those of the bacteriophage T4 sheath (Fokine et al., 2013) . The central b sheet of the F. novicida T6SS is formed by interdigitating two proteins ( Figure 4E ). Notably, phage T4 sheath protein has an insertion of two domains before a long helix (Figures 4C and 4F, see lower right schematic, and Movie S3), The angles between their 12-start helices and their helical axes are marked on their sides, respectively. The semi-transparent shaded surfaces of the density map of the T6SS (G) sheaths at 10 Å resolution is fitted with six discs of ribbon models colored as in Figure 3C . The density map of T4 phage sheath at 17 Å is taken from EMDB entry EMD-1086. See also Figure S4 .
whereas in T6SS sheath, this long helix is broken into two shorter helices, its third and fourth helices from its N terminus. In the case of F. novicida, the third helix tilts up and is almost perpendicular to the fourth helix ( Figure 4F , dashed lines in ribbon diagram, and upper right schematic). In stark contrast, the quaternary structural organization of the T6SS sheath is markedly different from that of the post-contraction T4 (Leiman et al., 2004) sheath (Figures 4G and 4H ; see also Figure S3 ). The helix with the shortest, non-zero pitch (a sixstart helix, black dashed line in Figures 4G or 4H ) in the T6SS sheath has a left-handed turn of 33.4 ( Figure S3D ) and a rise of 20.8 Å per subunit (whereas the T4 sheath has a righthanded turn of 32.9 ); thus the two helical architectures mirror each other. Despite opposite handedness, layer lines in the Fourier spectra of the EM images ( Figure S4 ) indicate that the other parameters of the helical symmetry of the F. novicida T6SS sheath and the post-contraction T4 sheath are similar, suggesting that this T6SS sheath structure is in its postcontraction state.
F. novicida T6SS Outer Sheath Has a Highly Interlaced Two-Dimensional Array Architecture with Augmented b Sheets that Is Essential to Secretory Function
The two-stranded b sheet of the C-terminal domain of IglB is augmented on one side by arms that emanate from the two neighboring IglA/IglB dimers from a disc above ( Figures 5A-5C , S3B, and S3C), forming a four-stranded sheet. By this augmentation, the arms from hundreds of copies of IglA/IglB interlace a two-dimensional array ( Figures S3A and S3C) . We hypothesized that this two-dimensional interlacing is crucial to the integrity and thus the contractility and secretory capacity of the F. novicida T6SS. To test this hypothesis, we carried out structure-based mutagenesis experiments for residues centered on the augmented b sheet. We prepared IglA/B-split GFP mutant strains lacking either N-terminal amino acids 2-18 of IglA (FnIglAD18N/B-split GFP) or the last 25 amino acids at the C-terminal of IglB (Fn-IglA/BD25C-split GFP). We predicted that both mutant strains would show normal assembly of their precontraction T6SS organelles but that the T6SS sheath would become unstable with attempted contraction and thus fail to secrete effector proteins.
Indeed, both the IglA and IglB truncation mutants expressing the truncated IglA/B with the split GFP tags formed fluorescent foci in response to 5% KCl or incubation beneath coverslips (Figures 5D-5M) , indicating focal multimerization of the IglA/B-heterodimers. However, the mutants were completely defective in secretion of IglC ( Figure 5N ) and had markedly impaired growth in THP-1 macrophage-like cells, with growth kinetics similar to iglB and iglC deletion mutants ( Figure 5O ). Like the iglB and iglC deletion mutants, the Fn-IglAD18N/B-and Fn-IglA/BD25C-split GFP mutants remain within compartments that stain positive for the lysosomal marker CD63 ( Figure 6A ) and are unable to escape their phagosomes ( Figure 6B ).
DISCUSSION
By employing the split-GFP technology, we identified three stimuli that trigger the assembly of IglA/IglB sheaths in F. novicida: (1) late exponential phase with high bacterial density in the presence of high KCl, (2) placement beneath a coverslip, and (3) the intramacrophage environment. Although there is precedent (A) Unlike the parental strain (Fn-IglA/B-split GFP), Fn-IglAD18N/B-split GFP and Fn-IglA/BD25C-split GFP (stained with a green fluorescent anti-F. novicida antibody, shown in black and white in the left panels) are unable to escape their phagosome and remain within CD63-positive compartments (stained with a red fluorescent antibody, shown in black and white in the middle panels) in human macrophage-like THP-1 cells, both at 6 hr and 26 hr. Arrows indicate bacteria stained with the anti-F. novicida antibody. The panels on the right show merged color images with F. novicida stained green, CD63 stained red, and host and bacterial DNA stained blue with DAPI. (B) Cytosolic versus phagosomal localization of F. novicida was determined using a differential digitonin permeabilization antibody staining procedure. F. novicida bacteria accessible to antibody after digitonin permeabilization (which permeabilizes the plasma membrane but not the phagosomal membrane) were stained with a red fluorescent anti-F. novicida antibody, and all bacteria were subsequently stained with a green fluorescent antibody after saponin permeabilization. Whereas many of the parental strain F. novicida are stained by the red fluorescent antibody after digitonin permeabilization at 6 hr post-infection (arrowheads), none of the Fn-IglAD18N/B-split GFP and Fn-IglA/BD25C-split GFP (arrows) are stained by the red fluorescent antibody either at 6 hr or 26 hr after infection. Parental bacteria that remain inaccessible to antibody after digitonin permeabilization at 6 hr are indicated by arrows. At 26 hr post-infection, the parental F. novicida have proliferated extensively within the cytosol, and the majority are accessible to the red fluorescent antibody after digitonin permeabilization. The Fn-IglAD18N/B-split GFP and Fn-IglA/BD25C-split GFP bacteria (indicated by arrows) show much more limited replication within the macrophage and remain inaccessible to the red fluorescent antibody. Scale bars, 10 mm. These experiments were performed three times with similar results.
for demonstration of T6SS regulation by quorum sensing (Ishikawa et al., 2009; Lesic et al., 2009) , salinity (Ishikawa et al., 2012) , and membrane perturbation Ho et al., 2013) , we are unaware of prior reports of T6SS assembly induced selectively by KCl or by intracellular residence. We hypothesize that KCl is a stimulus for T6SS assembly in the intracellular environment and that higher concentrations are required in liquid culture to compensate for the absence of other intracellular stimuli. The factors stimulating T6SS when bacteria are placed beneath a coverslip are unclear and could involve physical stimuli, altered oxygen tension, or other environmental influences. We confirmed that one stimulus, high KCl in liquid culture, induced secretion of putative T6SS effector proteins, VgrG and IglC, as would be expected for induction of the secretion system. We purified sufficient amounts of IglA/IglB sheaths from bacteria stimulated with this condition for high-resolution cryoEM structural studies. Taking advantage of the latest technological breakthrough-direct electron counting-we determined the structure of this sheath to 3.7 Å , permitting the de novo atomic modeling of IglA/IglB and the confirmation of its identity as the T6SS in F. novicida. This structure shows a highly interlaced two-dimensional array that is critical to the secretion function.
As with other contractile nanomachines, the F. novicida T6SS propels its central tube by contraction of its sheath assembly. An intriguing feature of the sheath structure is its two-dimensional interlacing formed by augmented b sheets. It is likely present in the pre-contraction form of the T6SS sheath as well and plays a critical role during contraction. Our work directly reveals the importance of this interlaced structure to the contractile function of this T6SS and lays the foundation for understanding the presumably shared mechanism of other contractile nanomachines.
Results utilizing the truncation mutants of IglA/IglB prove the critical role of the interlacing formed by augmented b sheets during contraction; in addition, the intensive polymerization of IglA/ IglB, as reported by the fluorescent foci, suggests that the T6SS sheath array assembles without interlacing. Therefore, an additional factor must contribute to T6SS assembly. By analogy with bacteriophages, we propose that the sheath assembles on a preassembled IglC tube, whose monomer structure is available (PDB: 2QWU). Close scrutiny of the IglB and IglC surfaces suggests a potential protein-protein interface for IglB and IglC, given favorable rotamers of residues ( Figure S5 ). However, reliable assignment of this interaction requires the structure of pre-contraction T6SS.
It was thought, based on its limited sequence homology, that the F. tularensis FPI-encoded T6SS is an outlier among others (Filloux et al., 2008) . Most notably, F. tularensis T6SS system lacks a homolog for ClpV ATPase, which is linked to T6SS disassembly (Filloux et al., 2008) . Nevertheless, Francisella has homologs to other key T6SS proteins, including IglA/IglB, VgrG, DotU, and PdpB; Francisella IglC is structurally homologous to Pseudomonas Hcp (de Bruin et al., 2011) . Remarkably, these differences and similarities coincide with differences and similarities between our structure of the F. novicida T6SS sheath and the other available T6SS structure (Kube et al., 2014) ; although the dimeric organization and the fold of the sheath proteins and the two-dimensional interlacing among dimers are the same for both, the quaternary structural organizations are different.
Whereas the turn per subunit of the contracted Vibrio T6SS sheath is 30.56 , giving a 3 tilt off the vertical to the 12-start helices (Kube et al., 2014) , our T6SS sheath has a turn per subunit of 33.4 , giving an 20 tilt to the 12-start helices ( Figure 3G ). It is always tempting but challenging to give an explanation for such a difference. Although a facile explanation is that the F. novicida T6SS is an outlier, its lack of a ClpV ATPase suggests an alternative explanation. In fact, the Vibrio and Pseudomonas T6SS sheaths are severed into shorter pieces, whereas our purified F. novicida T6SS sheath is typically much longer, sometimes more than five times longer (Lossi et al., 2013) . A few more helices are resolved in the 6 Å structure of the Vibrio cholerae T6SS sheath (Kube et al., 2014 ) than in our sheath structure. These helices belong to the part of sheath proteins that interacts with ClpV (Kube et al., 2014) . Because the function of ClpV is to facilitate disassembly of the post-contraction sheath, the Vibrio T6SS structure might be in a state that is closer to disassembly than our structure. Our structure is closer to the immediate postcontraction state because it shares a similar turn per subunit number to post-contraction bacteriophage T4 sheath (Leiman et al., 2004) . If so, then the T6SS sheath would have three states: pre-contraction, post-contraction, and pro-disassembly. This model awaits confirmation by structural analyses of a ClpV knockout mutant of Vibrio cholerae.
We show here that VgrG and IglC are secreted by F. novicida in an IglA-dependent fashion in response to environmental stimuli, confirming secretory activity of the Francisella FPI-encoded apparatus. Secretion of effectors through this T6SS within macrophages is required for phagosome escape and cytosolic replication because deletion mutants lacking IglA, IglB, IglC, or VgrG (Barker et al., 2009; de Bruin et al., 2011) and the contractionincompetent mutants IglAD18N/B-and IglA/BD25C-split GFP presented here were all unable to escape the phagosome and markedly impaired in intramacrophage replication.
On the other hand, our Fn-IglAD18N/B-and Fn-IglA/BD25C-split GFP mutants stand out from other IglA and IglB mutants studied to date. Our split-GFP data suggest that the mutated proteins still interact to form IglA/IglB-heterodimers that can assemble green-fluorescent macromolecular structures (fluorescent foci), yet show loss of secretory function. This is a more precise manipulation of the protein functions owing to the availability of an atomic structure. In contrast, the previously reported mutations are not based on a structure; mutants among IglA residues 102-129 (Brö ms et al., 2009) caused loss of interaction with IglB (i.e., failure to form the IglA/IglB heterodimer). Particularly, substitution of alanine for valine at residue 109 of IglA or at the corresponding residue 110 of Vibrio VipA was shown to abolish IglA-IglB and VipA-VipB interaction, respectively (Brö ms et al., 2009 ). Nevertheless, our atomic model provides an explanation for such loss of interaction: Val109 of IglA is participating centrally in a hydrophobic core formed between IglA and IglB. The V109A mutation destroys this hydrophobic interaction and weakens IglA-IglB interaction. In addition to the above structure-based functional studies, our atomic model provides many other targets for further mutagenesis studies.
In conclusion, we established the identity and determined the atomic structure of an FPI-encoded T6SS in Francisella, the genus that includes the highly pathogenic bacterium and Tier 1 Select Agent, F. tularensis subsp. tularensis. Our atomic structure of the F. novicida T6SS and structure-based mutational analysis reveal the critical importance of the interlaced architecture to secretion. This atomic model will facilitate the design and testing of therapeutics targeting this and similar bacterial secretion apparatuses, which are pivotal to the virulence of many pathogenic Gram-negative bacteria.
EXPERIMENTAL PROCEDURES Bacteria F. tularensis subsp. novicida strain U112 (F. novicida) and the derivative strains were cultivated in TSBC. For targeted gene deletion and epitope tagging, upstream and downstream chromosomal regions flanking the gene of interest were amplified with in-frame deletion of the gene or with the gene fused to the coding sequence of an epitope tag. The amplified fragments were inserted into pMP590 (LoVullo et al., 2006) by traditional cloning method using restriction endonucleases or Gibson Assembly (New England BioLabs) and confirmed by sequencing. The resulting plasmid constructs were chemically transformed into F. novicida for allelic exchange. Additional information on F. novicida strains used in the study is provided in Table S1 .
Kinetics of Formation of Fluorescent Foci
Bacteria were inoculated in TSBC with and without 5% KCl at an initial optical density at 540 nm (OD) of 0.05 and grown at 37 C rotating at 250 rpm. Optical density and percentage of bacteria with fluorescent foci were monitored over time. To observe formation of fluorescent foci beneath a glass coverslip, we placed bacteria between a glass slide and a silicone-sealed (and also unsealed) coverglass and imaged immediately or after 3-6 hr at room temperature.
Secretion of Effector Proteins
Bacteria were grown to late exponential phase in TSBC with or without 5% KCl, pelleted by centrifugation, and the supernate was filtered through a 0.45 micron filter. The culture filtrate (equivalent to 1 ml culture at an OD of 1.5) and bacterial pellet (equivalent to 5 3 10 7 bacteria) were analyzed by SDS-PAGE and western immunoblot. IglA and IglA-GFP fusion variants were detected by rabbit polyclonal antibody to His-tagged recombinant IglA (BEI Resources) or affinity-purified rabbit polyclonal antibody to native GFP (Millipore); IglB was detected by murine monoclonal antibody specific to Histagged recombinant IglB (BEI Resources); IglC was detected by rabbit polyclonal antibody to highly purified recombinant IglC; and FLAG-VgrG was detected by murine monoclonal antibody M2 to FLAG epitope (Sigma). Antibodies to IglA and IglB were obtained through the NIH Biodefense and Emerging Infections Research Resources Repository, NIAID, NIH.
Macrophage Infection and Immunofluorescent Staining
Human monocytic THP-1 cells were differentiated on poly-L-lysine-coated coverslips with phorbol 12-myristate 13-acetate (100 nM) for 3 days. F. novicida strains were grown overnight in TSBC to OD 540 nm of 1-1.5; opsonized with 10% human AB serum for 10 min at 37 C at an OD of 0.002; diluted in Dulbecco's Modified Eagle's Medium (DMEM) with 10% heat-inactivated fetal bovine serum (HI-FBS) to an OD 540 nm of 0.0002; and added to the monolayers of THP-1 cells in a 24-well plate. To synchronize infection, we pelleted the bacteria onto the monolayers by centrifugation of the plates at 800 g for 30 min at 4 C. The plates were warmed to 37 C for 30 min; the monolayers were washed twice with DMEM to remove non-internalized bacteria; and the second wash was replaced with fresh DMEM containing 10% HI-FBS. In experiments intended to follow growth of bacteria by determination of colony forming units (CFU), 0.1 mg/ml gentamicin was added to the culture medium to restrict extracellular growth of the bacteria. For immunofluorescence experiments, the monolayers were fixed for 30 min in 4% paraformaldehyde in PBS; washed with PBS; permeabilized with 0.1% saponin in PBS with 10 mM lysine; and stained for F. novicida using a chicken anti-F. novicida antibody (kind gift of Professor Denise Monack, Stanford University), followed by a Texas-red-conjugated goat anti-chicken IgY antibody (Life Sciences). Host cell and bacterial DNA were stained with DAPI (1 mg/ml), and the coverslips were mounted with Prolong Gold anti-fade mounting medium (Life Sciences) and viewed with an Eclipse TE2000 (Nikon) inverted fluorescence microscope equipped with FITC, Texas red, and DAPI filter cubes and SPOT camera and software or with a SPS2 (Leica) confocal microscope. The late endosomal/ lysosomal marker, CD63 (LIMP), was stained using the H5C6 hybridoma culture supernate obtained from the University of Iowa Developmental Studies Hybridoma Bank. The differential digitonin assay was performed by a modification of the assay described previously (Checroun et al., 2006 ) and as we have described previously (Gillespie et al., 2013) . The chicken antibody to F. novicida was used immediately after digitonin permeabilization to detect cytosolic bacteria and a mouse IgG 3 monoclonal antibody to F. novicida obtained from ImmunoPrecise (Victoria, BC, Canada) was used after saponin permeabilization to detect all bacteria.
Purification of T6SS
Wild-type F. novicida and Fn-IglA-GFP were grown to late exponential phase in TSBC containing 5% KCl; pelleted by centrifugation (7500 g for 15 min at 4 C);
and lysed with lysozyme and 1% TX-100 detergent in 20 mM Tris HCl, (pH 7.8) with 1 mM EDTA, protease inhibitor cocktail III (1:1,000, EMD Millipore), and Benzonase nuclease (1:1,000, EMD Millipore). The lysate was centrifuged 3 times at 15,000 g for 30 min at 4 C to pellet bacterial debris, and the supernate was carefully layered onto a 10%-55% sucrose gradient overlying a 55% Optiprep cushion and centrifuged at 100,000 g for 18 hr. Fractions were collected and analyzed by TEM negative staining and by western immunoblotting. Fractions were diluted 1:50-1:500 and examined by TEM negative staining using 2% uranyl acetate. We observed that the 150 nm-200 nm sheath-like structures sedimented to just below the 55% sucrose/Optiprep interface, thereby allowing these structures to be purified away from the majority of the bacterial debris. The fractions with the greatest purity as judged by TEM negative staining were dialyzed against 20 mM Tris HCl, (pH 7.5) 0.9% NaCl (TBS) and concentrated with a 100,000 MWCO centrifugal concentrator (Amicon).
Immunogold Electron Microscopy
Fractions of T6SS purified as described above from cultures of wild-type F. novicida or F. novicida expressing IglA-GFP were diluted 100-fold with TBS and applied to glow discharged formvar-coated nickel grids. After 5 min, the grids were washed with TBS, blocked for 30 min with 20 mM HEPES, 0.15 M NaCl containing 1% BSA (HBS-BSA), and stained with rabbit anti-GFP (1:1,000) for 60 min in the HBS-BSA. The grids were washed with HBS; stained for 60 min with 5 nm protein A gold in HBS-BSA (University of Utrecht); washed with HBS; negatively stained with 2% uranyl acetate; and examined by TEM using a JEOL 100 CXII.
Cryo Electron Microscopy, Image Processing, and Resolution Assessment 2.5 ml purified T6SS outer sheaths of wild-type F. novicida purified as described above was applied to a pre-irradiated, or ''baked'' (Miyazawa et al., 2003) 200 mesh Quantifoil grid (1.2 mm hole size) and vitrified inside an FEI vitrobot with 100% humidity. CryoEM images were collected at liquid nitrogen temperature in an FEI Titan Krios cryo electron microscope operated at 300 kV with parallel illumination using a Gatan K2 Submit direct electron detector in counting mode (Li et al., 2013 ) with a dosage of 25 e/Å 2 and a nominal magnification of 29,0003 and using the Leginon package (Suloway et al., 2009) . Final pixel size is 1.00 Å /pixel. The defocus range of these images is 1.5-3.5 mm underfocus. Image stacks were preprocessed according to the method described previously (Li et al., 2013) . T6SS particles were selected manually with EMAN (Ludtke et al., 1999) helixboxer. The three-dimensional structure was reconstructed with modified (Ge et al., 2010; Zhou, 2011) IHRSR (Egelman, 2010) with Relion (Scheres, 2012 ) as the refinement engine (see below). Our initial guess of the helical parameters was originated from those of the post-contraction T4 sheath (Leiman et al., 2004) , which we then refined to convergence with IHRSR (Egelman, 2010) . An initial refinement was accomplished with EMAN-based modified IHRSR, and the resulting structures were taken as the initial reference for the final refinement using Relion-based IHRSR. The final refinement was done using the ''auto-refine'' function of Relion, which automatically calculates the working resolution for each iteration and determines the final convergence (see below). The refinement for T6SS converged at 26 iterations. The box size was 640 pixels, and the overlapping was set to 64 pixels. A total of 480,000 asymmetric units were included in the refinement process and in the final reconstruction. The effective resolution of the final reconstruction was estimated to be 3.7 Å based on considerations of ''gold-standard'' FSC ( Figure S6A ) and consistence with structural features observed in the density map (Movie S4).
Implementation of IHRSR in Relion Package
We implemented IHRSR (Egelman, 2010) in the Relion 1.2 package (Scheres, 2012) . The procedure is very similar to the ''modified IHRSR'' used in our previous studies (Ge et al., 2010; Ge and Zhou, 2011) : the volume is refined for one iteration with Relion without helical symmetry, then the program refines the helical symmetry by re-implemented IHRSR module hsearch (though non-linear curve fitting is not implemented), the new helical symmetry is applied in real space to the volume by re-implemented IHRSR module himpose, and the helically symmetric volume is masked (as in Relion) and passed to the next iteration as its reference. The helical turn and rise step sizes used in hsearch are first set to the orientation and translation search step sizes in Relion divided by the number of helical copies in the volume, respectively (hsearch step-size = Relion search step-size/box size/pixel size * helical rise per subunit). Then another helical search (hsearch) is performed about the newly found helical parameters of the first hsearch with 103 finer step sizes. We implement both hsearch and himpose modules so that the volume under operation is oversampled when necessary to minimize interpolation error (Ge and Zhou, 2011) .
We implemented existing and new switches to control the IHRSR behavior. Two switches to turn on the helical search and symmetrization, two switches to set cylindrical radii, two switches to set initial helical parameters, one switch to set the oversampling ratio, and one switch to set the fraction of volume in Z direction (helical axis) at the center to be considered in helical search (hsearch) and symmetrization (himpose). To save time, the oversampling ratio of the hsearch module is set to half that of the himpose module, unless himpose is not oversampled. For 3D classification, each class has its own bookkeeping of helical parameters. For auto-refinement, both subsets share the same helical symmetry.
For auto-refinement, the two subsets are refined independently, except that they share the same helical parameters. After each Relion refinement, each subset is subjected to hsearch module if so switched, the two pairs of refined helical parameters are averaged, and the averaged parameters are used for himpose. The FSC that is used to determine the working resolution of the refinement and to regularize the refinement is calculated between the two subsets before helical symmetrization and is ''calibrated'' in the attempt to account for helical symmetrization as follows. The FSC factors are converted to signal-to-noise ratio factors by S/N = FSC / (1 -FSC). The latter is used to calculate the ''calibrated'' S/N ratio by multiplying the square root of the number of copies to be helically averaged, and the ''calibrated'' S/N factors are used to calculate the final ''calibrated'' FSC factors, which are passed on to the ''maximization'' step in Relion and its following iteration for regularization purposes. (See Figure S6A for a comparison between gold-standard and ''calibrated'' FSC curves between final maps from half datasets.)
Atomic Model Building and Refinement
A model for T6SS sheath was built de novo using Coot (Emsley et al., 2010) and was refined with CNS (Brunger, 2007) and then with Phenix (Adams et al., 2010) . Non-crystallographic symmetry, i.e., the helical and 6-fold rotational symmetry, was used as a restraint among identical chains. A total of six discs were included in the working atomic model. This model was ultimately refined to 3.7 Å , with R-factor 24.4% and last shell R-factor 46.0%. The FSC curve between the model and the map crosses 0.5 at 3.75 Å ( Figure S6A ). To rule out potential over-fitting during model refinement, we have redone the model refinement to 4.2 Å , which is 0.5 Å less than the map resolution of 3.7 Å . The correlation (FSC) between the resulting model and the full-resolution map doesn't drop sharply at 4.2 Å , suggesting that over-fitting is unlikely, but the FSC value reaches 0.5 at 3.88 Å . The slight loss of resolution of the model refined against the 4.2 Å map is expected because, for example, side-chain orientation might not be reliably determined at the reduced resolution.
Figures for the cryoEM maps and atomic models were prepared with UCSF Chimera package (Pettersen et al., 2004) .
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